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ki bi nazorno prikazala značilnosti in dinamiko  vodonosnika. 
To vrzel do v dobri meri zapolnjujejo rezultati predstavljeni v 
tem članku. Uporabili smo model KARSyS, ki so ga sicer prvi 
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Abstract UDC 556.3:551.435.8(497.4)
Janez Turk, Arnauld Malard, Pierre-Yves Jeannin, Jonathan 
Vouillamoz, Jean Masini, Metka Petrič, Franci Gabrovšek, 
Nataša Ravbar, Tadej Slabe: Interpretation of hydrogeologi-
cal functioning of a high karst plateau using the KARSYS ap-
proach: the case of Trnovsko-Banjška planota (Slovenia)
The high karst plateau of Trnovsko­Banjška planota is one of 
the most important reservoirs of karst water in Slovenia. Al­
most all important karst springs in this area are captured for 
water supply. A sustainable management of this source of 
groundwater is of strategic importance, not only as drinking 
water supply but also for the economy. For these reasons, many 
hydrogeological monitoring studies have been carried out over 
the last decades. However, no consistent regional overview of 
the hydrogeological functioning of Trnovsko­Banjška planota 
was available and we decided to study this area with more direct 
approach based on 3D geological and hydrogeological models. 
The so called KARSyS approach was developed in Switzerland 
and applied primarily to characterize groundwater reserves 
within a karst massif, and to sketch the main flow­paths carry­
ing groundwater from recharge areas to the respective springs. 
The delineation of spring catchment areas in karst regions was 
better defined and interactions between catchments were inter­
preted. These results can be used to improve the management 
of karst waters in the studied area. 
Key words: KARSyS, karst aquifer, groundwater flow, storage, 
catchment delineation, water management.
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water stored in karst aquifers represents an important 
source of drinking water, not only in Slovenia but in many 
countries around the world. In Slovenia already half of 
the population (one million) is supplied from karst aqui­
fers (Turk 2010). water from these aquifers is also used 
for irrigation and for producing electricity (hydropower 
plants). For all these reasons, water resources in Slovenia 
must be managed in a sustainable way (Bakalowicz 2005, 
Ravbar 2007). 
This study is focused on the area of Trnovsko – 
Banjška planota (high karst plateau), which is prob­
ably the most important reservoir of karst groundwater 
in Slovenia. The extension of the karst plateau is about 
490 km2 (Fig. 1). 
Karst water emerges at five big springs (three per­
manent, two temporary) at the foothill of Trnovsko 
– Banjška planota (Hubelj, Mrzlek, Podroteja, Divje 
jezero, Lijak). Their maximal discharges are larger than 
30 m3/s (except of Podroteja spring). From these, three 
permanent springs are captured for water supply. Tens 
of smaller karst springs are also captured for local wa­
ter supply. Generally, all settlement and towns in the 
surrounding of the Trnovsko – Banjška planota get do­
mestic water from the main karst aquifer, including the 
biggest town in this (western) part of Slovenia ­ Nova 
Gorica with 13’500 inhabitants.
However, settlements and villages (with around 
8000 habitants) located at the top of the high karst pla­
teau may represent a potential risk of pollution of the 
springs (Albreht et al. 1993). Anthropogenic activities 
in the recharge area, such as traffic, agriculture, forest­
ry, tourism, industry etc. may endanger groundwater 
quality. 
Several surveys and monitoring studies have been 
carried out in the area in order to better character­
ize spring waters and to maintain water quality at the 
springs. Intense hydrologic and hydrogeologic surveys 
were carried out between sixties and nineties of last cen­
tury, when karst systems were delineated by means of 
geological mapping, tracer tests and water balance calcu­
lations. Spring hydrographs and chemographs have been 
monitored and analyzed (Placer & čar 1974, Habič 1982, 
Habič 1987, Habič & čar 1987, Kranjc 1997, Janež et al. 
1997, Trček 2003). 
INTRODUCTION
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fig. 1. map of the study area. 
high dinaric karst plateau is de-
lineated with dash line. trnovsko 
- banjška planota, a part of this 
plateau, was divided into three 
areas (rectangulars with red 
frames), which were modeled 
separately. The main springs in 
study area are given in blue.
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STUDy AREA
Trnovsko – Banjška planota means plateau is situated in 
Sw part of Slovenia. The surface of the plateau lies most­
ly between 800 and 1200 m a.s.l., with the highest peak at 
1495 m ­ Mali Golak (Habič 1987). 
The high karst plateau is under influence of an al­
pine climate, while the Vipava valley (south of the pla­
teau) shows a submediterranean climate and other 
valleys around the plateau show transitional submedi­
terranean climate. The mean annual temperature on the 
plateau of Trnovsko – Banjška planota ranges from 7 to 
9° C. Mean annual precipitation ranges from 2000 to 
3000 mm (Pristov 1997). 
GEOLOGy
The Trnovsko – Banjška planota is built of Upper Triassic 
to Eocene rocks, as presented on Fig. 2.
Upper Triassic Norian­Rhetian dolomite (so called 
”Main dolomite“) is greatly extended in the northern 
part of the area. In stratigraphically higher parts, grey 
layered dolomite passes into light grey layered organo­
genic Dachstein limestone.
Jurassic rocks consist of limestones and dolomites. 
Total thickness of Jurassic rocks reaches 1000 to 1500 m.
Cretaceous is developed in characteristic carbonate 
facies. Total thickness of Cretaceous limestones is be­
tween 2500 and 3000 m. 
Paleocene and Eocene flysch rocks are lying discor­
dantly on older stratigrafic units. Flysch rocks consist of 
alternation of marlstones, quartz sandstones and marly 
limestones (čar 1997, čar 2010).
HyDROGEOLOGICAL CHARACTERISTICS
The main karst aquifer of Trnovsko – Banjška planota is 
composed by Jurassic and Cretaceous limestones (Fig.  2). 
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All these “standard” surveys provide a first over­
view of the geological and hydrogeological context but 
they do not describe the functioning of karst systems as 
a whole (on regional scale). Moreover several questions 
remained open such as the delineation of the catchment 
area of the respective springs.
For this reason, the Karst Research Institute (Slo­
venia) decided to work together with the Swiss Insti­
tute for Speleology and Karst Studies in order to apply 
the so called “KARSyS” approach. One strength of this 
approach is to synthesize all existing data into a single 
iterative 3D model, leading to a visualization of the hy­
drogeological functioning of the aquifer. Resulting maps 
and 3D models can easily be understood not only by hy­
drogeologists, but also by environmental managers, ad­
ministrators and other technical or non­technical staff. 
This approach is therefore useful for improving the man­
agement of karst water resources (Jeannin et al. 2012).
fig. 2. Stratigraphic pile of trnovsko – banjška planota (modi-
fied after janež et al. 1997).
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Dolomitic layers (mostly aquicludes) are present in the 
upper part of the Jurassic series and in Upper Triassic. 
The real aquifer basement is constituted of flysch and also 
dolomite. Hydrogeological aspect of stratigraphic units is 
presented in Tab. 1.
From a hydrogeological point of view, Trnovsko – 
Banjška planota is a relatively well delineated mountain­
ous karst area bounded by lower, non­karstic margin re­
gions. Impervious flysch surrounds karstified limestone 
of the high karst plateau in the southern, western and 
eastern sides, acting as a partial hydrogeological barrier. 
In the north, the plateau is surrounded by relatively less 
pervious clastic rocks (Upper Triassic) (Janež et al. 1997).
MAIN SPRINGS 
Only the biggest and most important springs are dis­
cussed in the present paper (Tab. 2, Fig. 3). All are springs 
with a maximal discharge exceeding 1 m3/s. They are 
usually situated at or close to the lowest outcrops of the 
impervious barrier, or at the local erosional base level 
(Kranjc 1997).
tab. 1. Stratigraphic units that built the trnovsko – banjška planota, their porosity (matrix, fissure, conduit) and permeability.
Stratigraphic unit Type of porosity Degree of permeability
Eocene and Paleocene flysch matrix Low pervious
Cretaceous carbonate breccias Triple (including conduit) Well pervious - aquifer
Cretaceous limestone Triple (including conduit) Well pervious - aquifer
Jurassic limestone Triple (including conduit) Well pervious - aquifer
Jurassic dolomite Dual (matrix and fissure) Medium pervious - aquiclude
Upper Triassic limestone Triple (including conduit) Well pervious - aquifer
Upper Triassic dolomite Dual (matrix and fissure) Medium pervious - aquiclude
clastic rocks of Triassic age matrix Low pervious
tab. 2. main springs of trnovsko – banjška planota and their characteristics. discharge rate are often estimated.







Mrzlek 395040 95433 77 0.5 40 perenial
Lijak 401200 91380 105 0 32.5 temporary
Hubelj 416080 84500 240 0.03 – 0.04 60 perenial
Divje jezero 425070 93590 330 0 60 temporary
Podroteja 425189 94010 330 0.2 a few m3/s perenial
Kajža 399500 105375 191 0.007 2 perenial
Hotešk 406400 110080 270 0.03 6 perenial
fig. 3. hubelj spring at ???? water (photo Katja željan).
CONCEPTUAL 3D MODEL – BASE OF THE KARSyS APPROACH
KARSyS approach was developed at Swiss Institute for 
Speleology and Karst Studies. The approach is based on 
the construction of a 3D conceptual hydrogeological mod­
el that combines geological and hydrogeological data.
Because the studied area (Trnovsko – Banjška pla­
no ta) is relatively large, it was divided into three rectan­
gle regions: eastern part of Trnovski gozd area (19,050 x 
14,460 m), western part of Trnovski gozd area with the 
most southern part of the Banjšice (19,050 x 14,420 m) 
and Banjšice (17,070 x 16,500 m) (Fig. 1). 3D geology 
of each of the three regions was modeled separately and 
all obtained 3D geological models were later merged 
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into one model representing entire Trnovsko – Banjška 
planota. 
The most precise geological maps were selected for 
the construction of the 3D geological model. All existing 
cross­sections were collected from the available literature. 
This data­set was incorporated into a software dedicated 
to 3D geological modeling (Geomodeller® software).
The obtained geological model was mainly based on 
the geological map 1:50,000 (Albreht et al. 1993). How­
ever, this map does not cover all the margins of the study 
area, and other geological maps were also taken into 
consideration, such as a Basic geological map 1:100,000 
(Buser 1986) and a geological map 1:25,000 dedicated 
to the area of Idrija (Mlakar and čar 2010). All together 
14 cross­sections collected from various authors (Placer 
& čar 1974, Buser 1986, Albreht et al. 1993, Janež et al. 
1997, Mlakar & čar 2010) have been used to built the 3D 
geological model.
The obtained 3D geological model defines the ge­
ometry of the studied aquifer. The bottom of the aquifer 
is limited by impervious lithological units and the top 
by land­surface topography or by impervious confining 
units. All stratigraphic units between the bottom and 
the top of the aquifer exhibiting any contrast in hydro­
geological characteristics should be taken into consid­
eration. Units distinguished in the model of Trnovsko 
– Banjška planota are indicated in Tab. 1. 
The study area is strongly affected by tectonic pro­
cesses (alternation of complex over­thrusted structures) 
(Placer & čar 1974, Placer 1981, Zagoda 2004), and the 
main characteristic of the respective tectonic units were 
also considered. The autochthonous basement is over­
lained by several overthrusted tectonic units (Tab. 3, 
Fig. 4). These tectonic units were also included into 3D 
geological model.
Several important strike slip faults cross the area, 
and two of them are considered to play a major role 
for controlling the hydrogeological behavior of the 
studied system. These are Predjama­Avče fault and the 
Zala fault (Fig. 4). Both of them were integrated in the 
model. 
The obtained 3D model can be improved by add­
ing data such as cave observations and borehole logs (if 
any does exist). This kind of data may help to define the 
position of the aquifer bottom and the boundaries be­
tween different lithological units more precisely (Jean­
nin et al. 2012). Some rare data from caves and a few 
boreholes (čar & Gospodarič 1988, Janež 1992) could be 
included in the study area. Data from boreholes are not 
easilly available, for this reason only a few boreholes can 
be considered. Borehole in direct vicinity of Lijak spring 
is described in literature (čar & Gospodarič 1988, Janež 
1992). Lithological contact between aquifere formations 
(limestone) and aquifer basement (flysch) was defined by 
geoelectricity at four locations. Applied geological cross­
sections drawn by Placer & čar (1974) are based also on 
data obtained by geoelectricity.
The resulting 3D geological model is presented on 
Fig. 5. The next step of the KARSyS approach was to use 
it as a base for interpreting a 3D hydrogeological model. 
All three 3D geological models were thus exported and 
merged. All major karst springs and other hydrologi­
cal features (surface streams, siphon in caves, etc.) were 
implemented into this model. Cinema 4D® software was 
utilized for this step. 
The construction of the hydrogeological model is 
based on simple but liable hydraulics principles (Jeannin 
et al. 2012, Malard et al. 2012): (1) the aquifer volume 
below the main perrenial spring is water saturated; (2) 
the hydraulic gradient in the saturated zone (low water) 
is almost flat as a result of high transmissivity of karst 
rocks (limestone). Gradient of 0.1 %, or 1 % at most, is 
assumed for defining the top of the phreatic zone.
figure 4. Cross-section through hubelj and divje jezero springs showing the major tectonic units included in the model. 
table 3. main tectonic units in trnovsko – banjška planota and 
their stratigraphy.
Tectonic unit Stratigraphic layers
Trnovo nappe Triassic to Eocene
Čekovnik interjacent slice Upper Triassic
Koševnik interjacent slice Cretaceous
Hrušica nappe Upper Triassic to Eocene 
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Groundwater reservoirs can thus be assumed in 
the following way: the hydraulic gradient (water table or 
top of the saturated zone within karst conduits) is gen­
tly steeping upstream from the main perennial springs. 
The extension of the saturated zone can thus be sketched 
by prolonging a plan from the spring through the karst 
media, until it crosses the top of the aquifer basement. 
without data, the minimum possible gradient (zero) is 
asumed meaning that the extension of the saturated zone 
defined in this way is minimal. This hypothesis is assu­
med for low water conditions. 
Hydraulic gradients can be much higher at high wa­
ter conditions. To assess the gradient at such conditions, 
piezometric data should ideally be available at several 
locations within the aquifer. Consistent data are usually 
obtained in caves or boreholes. Habečkov brezen is one 
of rare caves in the area, where groundwater fluctuations 
can be directly observed (Habe & Hribar štefančič 1955, 
čar & Zagoda 2005). However, due to the lack of this 
kind of data for Trnovsko – Banjška planota high water 
conditions are not discussed in this paper. 
Considering the volume of saturated parts of the 
aquifer (below of the groundwater table), the groundwa­
ter volume stored within the massif can be estimated (ac­
cording to a value of effective porosity of the rock), what 
remains a future work. Unfortunately data about the ef­
ficient porosity of the Cretaceous and Jurassic limestone 
are not available in the literature for this area.
After the identification of groundwater reservoirs, 
the position of the main flow­paths within unsaturated 
(vadose flows) and saturated zone (phreatic flows) can 
be assessed from the model. Flow through the unsatu­
rated zone can be assumed as vertical, unless impervious 
layers are present. Once flow reaches the aquifer bottom 
(aquiclude) it then drains along the dip of this unit, un­
til it reaches the saturated zone. Groundwater flows in 
the saturated zone follows more or less a straight line to­
wards the spring.
The resulting model thus provides a description of 
karst groundwater reservoirs, confined and unconfined 
areas as well as the position of the main underground 
flowpaths. The combination of these observations, as 
well as their interaction (i.e. identification of water 
exchanges at a threshold) provides concrete elements 
to delineate their catchment boundaries (Vouillam­
oz et al. 2011). Diffluent areas (areas recharging two 
or more underground systems / springs) can be quite 
precisely defined by this approach. The resulting hy­
pothetical hydrogeological conceptual model can also 
be validated by including results of existing (or new) 
tracer tests.
figure 5. perspective view from the 3d geological model of the discussed area and geological cross-sections used.
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OVERVIEw AT REGIONAL SCALE
Groundwater bodies and catchment areas
The model provides for the first time an overview of the 
distribution of groundwater reserves within the aquifer 
of Trnovsko – Banjška planota (Fig. 6). Moreover, it de­
picts the hydrogeological functioning of the aquifer on 
the regional scale, pointing out some unexpected rela­
tionships. 
Concerning groundwater reservoirs in Trnovsko – 
Banjška planota (Fig. 6) the model evidences the pres­
ence of a large groundwater body in the western part of 
the massif, and a series of smaller, partly perched bodies 
in the central part. The most extended groundwater res­
ervoir is connected to the system of Mrzlek (permanent) 
and Lijak (temporary) springs.
The smaller groundwater bodies do not occur only 
directly upstream of permanent springs, but also as 
perched groundwater reservoirs, which existence has been 
previously totally ignored. This means that in some regions 
vadose water drains to perched groundwater reservoirs 
with an underground outlet (threshold) from which wa­
ter flows further downstream in vadose channels towards 
another groundwater body. The model also indicates that 
these conditions may significantly change according to the 
water level (e.g. in high water conditions). 
Groundwater flows in unsaturated and saturated 
zones of the aquifer in low water conditions are depict­
ed by the model. Based on this data, catchment areas of 
studied systems (springs) were delineated (Fig. 6). The 
model evidenced a divergent region between the systems 
of Mrzlek – Lijak and Hubelj springs. In this area, the 
perched groundwater body is expected to overflow to the 
east towards Hubelj spring and to the west towards the 
Mrzlek ­ Lijak springs. 
Effects of the tectonic setting 
The Predjama­Avče fault (SE – Nw direction) seems to 
have very important role on the distribution and shape 
of local groundwater reservoirs (Figure 6). The displace­
ment induced by the strike slip movement leads to the 
creation of small perched reservoirs developed in depres­
sions along the fault. The diffluence reservoir mentioned 
in the previous paragraph is one of them.
Also crushed zone developed along some parts of 
Predjama­Avče fault and along Zala fault play an impor­
tant role on regional hydrogeology. Such zones seems to 
be impervious, as reported by several authors (Albreht 
et al. 1993, Janež et al. 1997). They seem to make a bar­
rier between the systems of Divje jezero – Podroteja, Mr­
zlek – Lijak and Kajža. 
Interpretation of flowpaths and their prediction
Underground connections between surface and 
phreatic zones (groundwater reservoirs) are relatively 
well defined by the 3D model. In practice it means that 
from every point at the surface of the model, we can pre­
dict the direction of surface and especially underground 
drainage. Based on the model, we can not only evaluate 
and balance results of some previous tracer tests, we can 
also predict the suspected path of new ones. However, it 
RESULTS
figure 6. hydrogeological model of the trnovsko – banjška planota. LEft:Aquifer formations are not visible in this figure, which 
depicts only aquiclude formations surrounding aquifers and damming groundwater reservoirs. Catchment areas of the main springs 
(red lines) were delineated based on the assessment of flow-paths (yellow arrows = flows in unsaturated zone, blue arrows = flows in 
saturated zone). See also legend in figure 5. RIGht: Same figure showing only the groundwater reservoirs and vadose flow-paths. Note 
that groundwater reservoirs of divje jezero and mrzlek systems expand out of the model. 
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must never be forgotten that the model is a simplification 
of real conditions in the fields and that new data will not 
fit all model predictions, i.e. that the model will have to be 
improved continuously with the acquisition of new data.
LOCAL SCALE SETTINGS
In this part, hydrogeological conditions derived from the 
model are described for the five main karst flow systems 
identified in this study.
System of Hubelj spring
Hubelj spring represents the outlet of karst waters 
stored in SE part of the Trnovsko – Banjška planota. As 
evidenced by the model (Fig. 6 to 8), the aquifer develops 
in two tectonic units (both of limestone composition) in 
this region. Both units are separated by a intercalation 
of Triassic dolomite (relatively less permeable) related to 
the thrusts structure (Fig. 8B). The boundary with the 
neighbour aquifer feeding the Divje Jezero and Podrote­
ja springs is well defined. The Cretaceous aquifer (green) 
figure 7. Karst hydrogeological 
map of the trnovsko – banjška 
planota showing the location and 
extension of groundwater reser-
voirs (blue areas) and catchment 
areas of the respective springs. 
The divergent area between 
hubelj and mrzlek systems is in-
dicated.
figure 8. Groundwater reservoirs of hubelj and divje jezero - podroteja springs. Aquifer formations (limestone) are not represented 
on the figure where only aquiclude formations are visible. Groundwater reservoirs of both springs extend below relatively low pervious 
triassic dolomite (rose formation visible on the left figure) and above the flysch formation (beige). The triassic dolomite has been re-
moved on the right figure (b) to display the entire extension of groundwater reservoirs. Groundwater bodies of hubelj and divje jezero 
- podroteja springs are clearly separated by the top of the flysch formation.
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appears to be completly pinched between the Triassic 
dolomite and the lower flysch, which is the basement of 
the aquifer. Such geological structure does not allow any 
bifurcation between Hubelj and Divje Jezero ­ Podroteja 
systems.
North­west of the Hubelj spring groundwater res­
ervoir a relatively small groundwater reservoir presum­
ably exist in the catchment area of Hubelj (Fig. 6B, see 
also Fig. 9). This perched reservoir is linked with local 
topography of the aquifer basis (induced by the above­
mentioned strike slip fault). water table in this reser­
voir should reach an elevation of 450 m a.s.l. and should 
drain to the East over a threshold of Triassic dolomite, 
as indicated by the model (Fig. 9). water is expected to 
drain further downstream through a system of conduits 
towards the main groundwater reservoir of Hubelj spring 
(with a water table at 240 m a.s.l. at low water conditions) 
(Fig. 6 and Fig. 9).
Fig. 7 depicts the catchment area of the Hubelj 
spring deduced from the model. It was estimated to 
94 km2 (see also Fig. 6A, Tab. 4), what is larger than pre­
vious estimations, which ranged between 50 km2 and 
80 km2 (Albreht et al. 1993, Kranjc 1997).
System Mrzlek - Lijak 
The aquifer feeding Mrzlek spring (and Lijak at 
high water conditions) is mainly developed within the 
Jurassic and the Cretaceous limestone of Trnovo nappe. 
The crushed zone related to Predjama­Avče fault sets 
the NE limit of the saturated zone of this aquifer. This 
groundwater reservoir probably extends out of the mod­
el towards the west, and for this reason, total extension 
cannot be assessed with the model (Fig. 6 and 7).
Mrzlek shows the largest catchment area of all 
springs of the Trnovsko – Banjška planota. It was esti­
mated at least 217 km2 (Fig. 6, Tab. 4). Around 80 % of 
this catchment is karstic (autogenic) and 20 % allogenic.
Assessment of high water conditions indicated 
that the catchment area of the Mrzlek and Lijak springs 
is even larger when water raises in the karst aquifer. In 
these conditions water from Hubelj system overflows 
towards Mrzlek­Lijak as already discussed. The diffluent 
area seems to cover around 20 km2 (Fig. 7).
System Divje jezero - Podroteja 
Divje jezero is a Vauclusian spring developed in 
Cretaceous rocks that lie discordantly on top of imper­
vious flysch (aquifer basement). The southern border, 
with Hubelj system is well defined in the model, as alrea­
dy discussed. The North­western border of the phreatic 
zone is delineated by the crushed zone of Zala fault. The 
Northern and Eastern borders are at the margin of the 
model and remain vague for this reason (Fig. 6 to 8). 
The catchment area of Divje jezero and Podrote­
ja springs seems to exceed 100 km2. It covers not only 
Trnovsko – Banjška planota, but also other karst areas, 
that were not included into 3D model – especially the 
area of Hotedršica (Gospodarič and Habič 1976) in the 
East. Previous estimations of total catchment area were 
ranged between 65 km2 (Placer & čar 1974) to 113 km2 
(Kranjc 1997).
Hotešk system
The saturated zone of the Hotešk system is devel­
oped in Dachstein limestone (Upper Triassic), which is 
surrounded by relatively less permeable dolomite. Three 
figure 9. diffluent area between 
hubelj and mrzlek springs is re-
lated to a perched groundwater 
reservoir (marked with “1”) over-
flowing mainly towards hubelj 
spring, but also towards mrzlek 
(and Lijak).
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The saturated zone 
of Kajža system is located 
in Jurassic and Cretaceous 
limestones. The Predjama­
Avče crushed zone (imper­
vious) divides the Kajža sys­
tem from the Mrzlek system 
(Fig. 6 and 7).
The catchment of the 
Kajža spring covers an area 
of 29 km2 (Tab. 4 and Fig. 7), 
what is much more than the 7 km2 estimated by Janež & 
čar (1990). It should however be emphasized here that 
the proposed catchment contributes not only to Kajža 
spring, but also to other small springs in the vicinity, all 
emerging in Avšček valley. 
groundwater reservoirs presumably feed the Hotešk 
spring (Fig. 6 and 7).
The catchment area of Hotešk spring was estimated 
to 15 km2 (Tab. 4 and Fig. 7). It is mainly autogenic.
Kajža system
table 4. Characteristics of the main karst springs catchments of the trnovsko – banjška planota.








Mrzlek 217 79 2 19
Hubelj 94 59 2 39
Kajža 29 54 0 46
Divje Jezero  > 107 21* 0* 79*
Hotešk  15 76 0 24
*  Values are based on catchment area included in the modeled part (107 km2). The total catchment area 
may be larger.
DISCUSSION
Reliability of the model 
In this work it was naturally attempted to construct 
a 3D model as reliable as possible. However, the reliability 
depends on several factors, especially on quality and quan­
tity of input data: only consistent geological data can pro­
vide consistent results at the desired scale (or resolution). 
In the present case, geological data appeared to be quite 
consistent although the scale of the available documents 
was not very precise (1:50.000 for most of the area) and the 
number of geological profiles quite restricted (14 profiles). 
we believe that the 3D geological model is consistent and 
adequatly represents the overall geological structure of the 
massif. However, we expect that details and the exact posi­
tion of all geological boundaries could not be established 
with a high degree of precision. The model has to be con­
sidered as imperfect and can only be used to sketch geol­
ogy and hydrogeology at a regional scale.
The reliability of the hydrogeological model could 
be evaluated based on comparisons with results of inde­
pendent surveys, especially with results of tracer tests. 
The comparison shows that the model is consistent at 
least in its central part, especially for Hubelj and Mrzlek 
– Lijak systems as well as for modelled part of the Divje 
jezero – Podroteja system. 
Two examples are presented hereafter to illustrate 
this.
ExAMPLE 1: THE DIFFLUENCE AREA BETwEEN 
HUBELJ AND MRZLEK - LIJAK SySTEMS
The diffluence area between Hubelj and Mrzlek ­ Lijak 
systems evidenced by the model was compared with re­
sults from one tracer test. Tracer was injected into Belo 
brezno cave reappeared not only in Hubelj, but also in 
Mrzlek and Lijak springs. The test was conducted at 
high water conditions, indicating bifurcation toward two 
groundwater reservoirs (Kranjc 1997). The model there­
fore provides a reasonable explanation for this result: It 
indicates that water drains from Belo brezno cave (and 
surrounding area) toward the perched groundwater res­
ervoir situated at elevation 450 m a.s.l. (Fig. 9). Because 
this reservoir is perched above both Hubelj and Mrzlek 
groundwater reservoirs, it can then hypothetically over­
flow towards both South­East and North­west, and re­
charge both reservoirs. This functioning is expected to 
take place mainly at high water conditions especially be­
cause, according to the (imperfect) model the threshold 
towards Mrzlek and Lijak is located at about 570 m a.s.l., 
which is 120 m higher that the threshold towards Hubelj 
(450 m a.s.l.) (Fig. 9). 120 m of level fluctuation is a lot, 
but is with the range of possible fluctuations in a massif 
such as Trnovsko – Banjška planota. It must not be for­
gotten that elevations estimated from the model may be 
rather imprecise.
ExAMPLE 2: ZALA RIVER LEAKS
The model suggest that the Zala River is expected to 
lose water along the riverbed, where it is perched above 
on the aquifer reservoir of the Cretaceous limestone 
(Fig. 6). In such a case it should feed the saturated zone 
of Divje jezero and Podroteja springs. This kind of re­
charge was proved for Podroteja spring (Habič 1972, 
Janež 1997).
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Precision of the model surely decreases at its mar­
gins. This is not of great significance for the Southern 
margin, where all aquifer formations end within the 
model domain. This is more critical in the western, 
Eastern and North­western margins, where ground­
water reservoirs clearly expand beyond the model 
boundaries. Therefore, the hydrogeological sketch of 
the Northern parts of Banjšice area (systems of Kajža 
and Hotešk springs) is more uncertain, also because of 
a deficit of geological information in this region espe­
cially at depth. The extension of groundwater reservoirs 
and catchment areas in these two systems, as well as the 
existence of two perched groundwater reservoirs in the 
system of the Hotešk spring should thus be considered 
as hypothetical. 
Model resolution
The precision of the results greatly depends on the 
resolution used for the construction of the 3D model. 
In this case a resolution of 25 x 25 m has been used. 
As the data are often scattered and no systematically 
sampled, the resolution of the model was based on (i) 
the size of the concerned area and (ii) the accuracy of 
the maps and cross ­ sections which were implemented 
within the model. Even if the resolution is exactly the 
same everywhere within the model, the precision surely 
decrease from the top (~ the surface which is approxi­
mately 1/50 000) to the depth (close to 1/100 000 or to 
1/200 000). This precision still decreases close to the bor­
ders of the model.
Tracer tests validation
The model can be used to revisit some of the uncer­
tain results of previous tracer tests. It can also be applied 
to predict the flow­paths of any future tracer test. 
For example, a systematic comparison between 
existing tracer tests and the model indicated that some 
of underground connections evidenced by tracer tests 
were not consistent with our hydrogeological model. 
For example, Habič (1987) reported that a tracer (rho­
damin) injected into a ponor at črni vrh (Fig. 8), reap­
peared not only at Divje jezero and Podroteja springs, 
but also in small concentrations (traces) at Hubelj 
spring. The latter connection is not possible regarding 
the model. In this region, we expect the model to be 
quite liable and we would really suspect that samples 
collected at Hubelj were contaminated. However, if 
tracer results could be validated (e.g. by a new test), the 
model should be adjusted according to this result, im­
plying some geological work. 
Another inconsistency was observed for a tracer 
test linking Malo polje ponor and Divje jezero spring 
(Fig. 8). It was reported that only 5 samples were ana­
lyzed during the breakthrough that last nine days. All 
other samples were lost (Kranjc 1997). Moreover, pyra­
nine was injected into ponor which is mediocre tracer. 
For these reasons, we suggest that the expected under­
ground connection between Malo polje and Divje jezero 
is not reliable, and that water from this area should drain 
toward Hubelj spring as suggested by the model. In the 
present case, the transit time seems too long according 
to the persistence time duration of the tracer (Schudel 
et al. 2002) and the injected quantity seems underesti­
mated regarding the discharge rate of the two springs, 
which does not facilitate its recognition. Regarding these 
factors the reliability of this tracer test is questionable. 
Some doubts are also regarding a tracer tests show­
ing connection between Mrzli Log and Podroteja spring 
(Fig. 8). Pyranine was used. Based on the model, it would 
be expected that tracer would appear at the Hubelj spring 
first. Model does not indicate sure connection with Divje 
jezero and Podroteja springs. For this reason, we attrib­
uted the Mrzli Log to catchment of the Hubelj spring. 
Water management
The map showing the distribution of groundwater 
reservoirs (Fig. 7) is very interesting for water mana­
gers. Drilling a borehole in Trnovsko – Banjška planota 
for supplying water should be carried out only where 
a groundater reservoir is supposed to be present (blue 
areas in the model). The approximate depth can also be 
assessed. 
The presence of groundwater reservoirs perched 
above the level of the main springs may represent an in­
teresting potential for supplying top of the plateau with 
drinking water (as relatively less energy is required for 
exploitation and pumping) and also for hydropower pro­
duction. The latter may become an issue for increasing 
the production of renewable energy in the future. 
The proposed catchment delineations are also im­
portant for the protection of water resources for drinking 
supply. Autogenic/allogenic, and diffluent/confluent re­
charge areas can be distinguished, and dedicated protec­
tion measures can be designed for the respective areas. 
Groundwater pollution vulnerability assessment methods 
can be adjusted and can also take the depth of the ground­
water bodies given by the model into consideration. 
Improvement of the model
The accuracy of the 3D model is not homogeneous. 
Ideally much more geological and hydrogeological data 
should be integrated in order to refine the hydrogeo­
logical interpretation provided by the model. Data about 
deep geological features are particularly scarce and the 
model could be improved by adding seismic and in­
formation from boreholes. However some parts of the 
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model seem to be quite liable and could hardly be modi­
fied with a completely different geological and hydrogeo­
logical interpretation. This is the reason why some dye 
tracers tests operated in the past have been suspected not 
to be reliable. we believe that the model provides a rea­
sonable sketch of the karst hydrogeology of the Trnovsko 
­ Banjška planota, summarizing the state of knowledge 
in this area and highlighting parts where complementary 
works could be performed.
CONCLUSIONS
The 3D hydrogeological model presented in this paper 
provides a synthetic, consistent and understandable 
visualization of the hydrogeological functioning of karst 
aquifers of the Trnovsko­Banjška planota. KARSyS ap­
proach was successfully applied in order to provide this 
overview as well as a hydrogeological documentation of 
karst systems in this region. The most important results 
obtained in the present study are summarized hereafter.
1. Extension of groundwater reservoirs of the 
aquifer (map of groundwater reserves, Fig. 7)
Results show that groundwater is not stored every­
where within the massif. Most groundwater reservoirs 
(or bodies) are located directly upstream of the main 
karst springs, however six perched groundwater reser­
voirs were further identified in the studied area. The map 
of groundwater reservoirs and the 3D model should be 
considered before any attempt of groundwater abstrac­
tion by drilling of borehole. Volumes of groundwater 
reserves and potential storage management could be de­
signed based on the model. Therefore, these data are es­
pecially of high importance for authorities dealing with 
water management and water engineering. 
2. Description (localization and type) of the main 
flows-paths
Some of the main flow­paths e.g. from a ponor to a 
spring were sketched in the model. Further ones could 
be easily drawn. Vadose flow­paths are expected to be 
close to real conditions, only depending on the precisi­
on of the geological 3D model. The exact location of the 
phreatic flow­paths (i.e the conduits) remains uncertain.
3. Delineation of catchment areas
The suggested delineation of catchment areas se­
ems consistent with the observed spring discharge rates, 
although some of them are not well known (e.g. Mrzlek). 
The delineation of catchment areas is a necessary step for 
the management of groundwater resources. These data 
will be used for establishing a vulnerability map and for 
delineating protection zones or perimeters for springs 
used for drinking water supply. 
4. The role of regional tectonic on the hydrogeo-
logical functioning of the massif
Regional tectonics plays important role for ground­
water drainage and storage. Predjama­Avče fault obvi­
ously set a limit between Mrzlek and Kajža karst sys­
tems. The strike­slip fault also generated the creation 
of perched groundwater reservoirs that are related de­
pressions associated with the fault. Detailed geological 
information would be required in order to confirm and 
closely describe these depressions. Such perched reser­
voirs could be of interest for hydropower or simply as 
water resources for settlements located higher than the 
springs.
5. A tool for improving water management 
Finally, the results presented in the paper may in­
troduce a useful base for the management of water re­
source (drinking water, irrigation, hydropower) and/
or water­related problems (e.g floods, land­slides). The 
model for the first time provides an explicit image of the 
hydrogeological functioning of the Trnovsko­Banjška 
planota massif. Hypotheses and data used for sketching 
the regional hydrogeological model are explicit, making 
quite easy for anyone to assess the degree of adequacy 
of any new data with the proposed model. This should 
encourage water authorities to collect new data and im­
prove the model at some specific locations. The model 
could then really be used for designing projects, assess­
ing impacts on groundwater, make predictions (e.g. of 
potential storage or discharge regulation), and support 
decisions. In other words it should really contribute to 
improve water management. 
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